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Abstract 
Abstract of thesis entitled: 
Subcellular Localization of GFP Fusions with the Seven Vacuolar Sorting Receptors 
of Arabidopsis thaliana to Prevacuolar Compartments in Transgenic Tobacco BY-2 
Cells 
Submitted by MIAO Yansong 
for the degree of Master of Philosophy 
at The Chinese University of Hong Kong in (May 2006) 
We have previously demonstrated that vacuolar sorting receptor (VSR) proteins are 
concentrated on prevacuolar compartments (PVCs) in plant cells. PVCs in tobacco 
{Nicotiana tabacum) BY-2 cells are multivesicular bodies (MVBs) as defined by 
VSR proteins and the BP-80 reporter, where the transmembrane domain (TMD) and 
cytoplasmic tail (CT) sequences of BP-80 are sufficient and specific for correct 
targeting the reporter to PVCs. The genome of Arabidopsis thaliana contains seven 
VSR proteins, but little is known about their individual subcellular localization and 
function. Here I study the subcellular localization of the seven Arabidopsis VSR 
proteins (AtVSRl-7) based on proved hypothesis that the TMD and CT sequences 
‘ correctly target individual VSR to its final destination in transgenic tobacco BY-2 
cells. Toward this goal, I have generated seven chimeric constructs containing 
signal peptide (sp) linked to GFP (green fluorescent protein) and TMD/CT sequences 
(sp-GFP-TMD/CT) of the seven individual AtVSR. Transgenic BY-2 cell lines 
expressing seven sp-GFP-TMD-CT fusions all exhibited typical punctate signals 
colocalizing with VSR proteins in confocal immunofluorescence. In addition, 
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wortmannin caused the GFP-marked prevacuolar organelles to form small vacuoles 
and VSR antibodies labeled these enlarged MVBs in transgenic BY-2 cells. 
Wortmannin also caused VSR-marked PVCs to vacuolate in other cell types 
including Arabidopsis, rice, pea, and mungbean. Therefore, the seven AtVSRs are 
localized to MVBs in tobacco BY-2 cells and that wortmannin-induced vacuolation 
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1. The plant secretory pathway 
All eukaryotic cells contain an endomembrane system for the secretory pathway that 
is comprised of several functionally distinct membrane-bounded organelles including 
the endoplasmic reticulum (ER), Golgi apparatus, prevacuolar/endosomal 
compartment and vacuole (Jiang and Rogers, 2003; Lam et al.，2005; Mo et al.’ 
2006). These secretory organelles are defined by the specific marker proteins 
present on organelle membranes. ER is the first organelle of the secretory pathway 
responsible for the synthesis, modification and delivery of correctly folded and 
assembled proteins to the Golgi apparatus via COP II vesicles (Schekman and Orci, 
1996; Hadlington and Denecke, 2000). Proteins with an N-terminal signal peptide 
are synthesized by ribosomes bound on the ER membrane where the polypeptide is 
cotranslationally inserted into the ER lumen. After exiting the ER, proteins 
containing the vacuolar sorting determinants (VSDs) are sorted and transported to 
their final destinations via specific vesicular pathways (Vitale and Raikhel, 1999). 
However, proteins lacking specific information for retention or sorting will be 
secreted from Golgi to cell exterior via a poorly characterized default pathway 
(Denecke et al., 1990). Each Golgi stack consists of several morphologically 
distinct cistemae from the cis to trans side followed by a trans-Golgi network (TGN) 
(Jurgens, 2004). When passing through the Golgi complex, proteins may undergo 
further modifications such as N-linked glycosylation to acquire plant-specific 
complex glycans and 0-linked glycosylation. Finally, the fully processed proteins 
� are destined from the TGN to vacuoles via a prevacuolar compartment (Okita and 
Rogers, 1996; Lam et al., 2005). 
2. Two different types of vacuoles in plant cells 
The plant secretory pathways are complicated because plant cells contain both lytic 
vacuole (LV) and protein storage vacuole (PSV) (Neuhaus and Rogers, 1998; 
Robinson et al., 2005). LV， an equivalent to lysosome of mammalian cells 
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contains an acidic pH lumen for proteases activity and functions as a digestive 
compartment (Okita and Rogers, 1996). In contrast, seed PSV seems to be unique 
in plant cells with a neutral pH as a suitable environment for accumulating of storage 
proteins (Jiang et al., 2000; Jiang et al., 2001). PSV could be developed by 
transformation of pre-existing LV and be distinguished from the LV by the presence 
of different tonoplast intrinsic protein (TIP) isoforms (Jauh et al.，1998; Jauh et al., 
1999). For example, both alpha-TIP and delta-TIP define seed PSVs, while 
gamma-TIP mark LV in plant cells (Jauh et al., 1999). 
3. Vacuolar sorting receptor (VSR) proteins 
Soluble proteins reach lytic vacuoles and protein storage vacuoles because they 
contain vacuolar sorting determinants that can be recognized by vacuolar sorting 
receptor (VSR) proteins. BP-80 was the first VSR protein isolated from pea due to 
its interaction with a vacuolar sorting determinant NPIR (Kirsch et al., 1994) and 
several in vitro and in vivo studies have demonstrated that BP-80 may function as a 
sorting receptor for transporting cysteine protease aleurain from Golgi to lytic 
vacuole via a lytic prevacuolar compartment in plant cells (Jiang and Rogers, 1998; 
Humair et al., 2001; Paris and Neuhaus, 2002; Neuhaus and Paris, 2005). Similarly, 
two VSR homologs, the pumpkin PV72 and the Arabidopsis AtVSRl, and a 
receptor-like Arabidopsis protein AtRMR may function as sorting receptors for 
transporting storage proteins to the protein storage vacuole (Shimada et al., 1997; 
- Paris and Neuhaus, 2002; Shimada et a l , 2003; Neuhaus and Paris, 2005; Park et al., 
2005). ” 
Similar to mammalian cells and yeast, receptor-mediated protein sorting for 
transporting proteins from trans-Golgi network to vacuoles is mediated through an 
intermediate organelle termed prevacuolar compartment (PVC) in plant cells (Bethke 
and Jones, 2000; Lam et al., 2005). In mammals, mannosyl 6-phosphate receptors 
(MPRs) recruit acid hydrolases at the /ra/M-Golgi network and cause them targeted 
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into clathrin-coated vesicles (CCVs) for delivery of receptor-ligand complex to 
endosomal/prevacuolar compartments (Ghosh et a l , 2003). Similarly in plant cells, 
BP-80 is believed to function as a VSR that selects cargo proteins at TGN for 
subsequent packaging into CCVs before delivery to vacuole via a lytic PVC, from 
where the receptor is recycled back to TGN for another round of binding/selection of 
cargoes (Jiang and Rogers, 2003; daSilva et a l , 2005; Lam et a l , 2005). The 
recycling of VSR proteins from PVC to TGN is believed to be mediated by the 
newly characterized Arabidopsis retromer complexes that localize to PVCs and 
interact with VSR proteins (Oliviusson et a l , 2006). Similarly, the pumpkin VSR 
protein PV72 may function as a receptor transporting storage proteins to protein 
storage vacuoles via the precursor-accumulating vesicles (PACs) in pumpkin 
cotyledons (Shimada et al., 1997)，while transport of storage proteins to protein 
storage vacuole is mediated dense vesicles (DVs) in pea cotyledons (Robinson et a l , 
1998; Hinz et al., 1999). Figure 1 summarizes our current knowledge on protein 
trafficking to vacuoles in plant cells. 
i 
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Figure 1. The plant secretory pathways. 
Three major routes for protein sorting to vacuoles have been described: (1) The 
first pathway transport soluble proteins to the lytic prevacuolar compartments 
(lytic PVCs) and then the lytic vacuole (LV) via Golgi-derived clathrin-coated 
vesicles (CCVs) in tobacco cells; (2) The second pathway carries storage proteins 
from Golgi to prevacuolar compartments (PVCs) before delivery to the protein 
storage vacuole (PSV), which is mediated by Golgi-derived smooth, dense vesicle 
(DV) in pea cotyledons; (3) The third pathway direct protein from ER to PSV 
‘ bypassing Golgi that is represented by the delivery of storage proteins to PSV via 
ER-derived precursor accumulating (PAC) vesicles in pumpkin seeds. 
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4. BP-80 and prevacuolar compartment (PVC) 
The subcellular localization of BP-80 and its homologs in plant cells has been 
studied using various approaches. Highly purified pea CCVs contained abundant 
BP-80 (Kirsch et al.，1994). ImmunoEM studies with specific antibodies also 
localized BP-80 and its Arabidopsis homolog AtELP to both Golgi and a putative 
PVC in root-tip cells of pea and Arabidopsis respectively (Ahmed et a l , 1997; Paris 
et al., 1997). Further confocal immunofluorescence studies on the relative 
distribution of VSR proteins between Golgi and PVC in pea and tobacco cells 
demonstrated that BP-80 and its homologs were predominantly concentrated on the 
lytic PVCs at steady state (Li et al., 2002). These results indicate that VSRs can be 
used as markers to define PVCs and that VSR proteins only recycle back to Golgi 
briefly for cargo selection and return to PVCs for cargo delivery (daSilva et a l , 2005; 
Lam et al., 2005). A recent immunoEM study using VSR antibodies further 
identified the lytic PVC as multivesicular body (MVB) from high-pressure 
frozen-freeze substituted tobacco BY-2 cells, where the VSR labeling was restricted 
to the boundary membrane of MVBs (Tse et a l , 2004). Confirmation of MVBs as 
PVCs that are distinct from Golgi organelles comes from studying the different 
effects of the drugs Brefeldin A (BFA) and wortmannin. Whereas BFA at low 
concentrations (5-10 |^g/mL) caused Golgi apparatus to form typical BFA-induced 
aggregates, this drug did not affect MVBs in tobacco BY-2 cells (Tse et al., 2004). 
In contrast, wortmannin at 15-33 \ M caused MVBs to swell and lead to a reduction 
‘ in the number of internal vesicles while this drug did not cause any visible changes to 
Golgi apparatus in tobacco BY-2 cells (Tse et a l , 2004). .. 
BP-80 is a type I integral membrane protein with a single transmembrane 
domain (TMD) and cytoplasmic tail (CT). The molecular mechanism by which 
BP-80 reaches its final destination has been studied using a reporter system 
transiently expressed in tobacco suspension culture cells (Jiang and Rogers, 1998). 
When expressed in tobacco cells, this BP-80 reporter containing the BP-80 TMD and 
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CT sequences colocalized with the endogenous tobacco VSR proteins (Jiang and 
Rogers, 1998). Similarly, the YFP (yellow fluorescent protein)-BP-80 reporter 
containing the BP-80 TMD and CT sequences was found to localize to the 
VSR-marked PVCs but separate from Golgi apparatus in transgenic tobacco BY-2 
cells (Tse et al., 2004). These results indicate that the TMD and CT regions are 
specific and sufficient for targeting BP-80 to its final destination (i.e. the PVC/MVB) 
in tobacco cells (Jiang and Rogers, 1998; Tse et al., 2004). More recently, the 
sorting determinants within the BP-80 TMD and CT have been dissected using an 
elegant in vivo system which further confirmed that BP-80 TMD/CT contained 
information necessary for efficient progress to the PVC in tobacco cells (daSilva et 
al., 2005). Since the TMD/CT regions among various BP-80 homologs (VSR 
proteins) are highly conserved (Hadlington and Denecke, 2000; Paris and Neuhaus, 
2002; Neuhaus and Paris, 2005), it is thus reasonable to hypothesize that the 
TMD/CT sequences target individual VSR to their final destinations in tobacco cells. 
5. The Arabidopsis VSR proteins 
The Arabidopsis genome contains seven VSR proteins (defined as AtVSRl-7 in this 
study) with high conservation at the amino acid level, in particular in their TMD and 
CT regions (Hadlington and Denecke, 2000; Paris and Neuhaus, 2002; Neuhaus and 
Paris, 2005). The expression of AtVSRs was detected in most Arabidopsis tissue 
types including root, leaf, stem, flower, pollen and seed (Laval et al., 1999; Paris and 
* Neuhaus, 2002; Laval et al., 2003; Neuhaus and Paris, 2005). However, the seven 
AtVSRs were not equally expressed in these tissues and thus might have distinct 
flinctions in various tissues (Paris and Neuhaus, 2002; Neuhaus and Paris, 2005). 
AtVSRl/AtELP has been found to localize on clathrin-coated vesicles in pea 
cotyledons and Arabidopsis cell cultures (Kirsch et a l , 1994; Ahmed et a l , 1997; 
Hinz et al., 1999). However, immuno-electron microscopic and subcellular 
fractionation studies indicated that AtELP is also located on Golgi apparatus and 
7 
putative PVC in Arabidopsis root tip cells, which implied that membrane protein 
AtELP resided in at least two different membrane populations in secretory pathway 
(Ahmed et al.，1997; Paris et al.，1997; Sanderfoot et a l , 1998; Miller et a l , 1999). 
Moreover, AtELP was also found to localize on unidentified endomembrane fractions 
as well as a plasma membrane rich-fraction oi Arabidopsis cell cultures (Laval et al, 
1999). Transgenic Arabidopsis seeds with antisense AtVSRl failed to germinate 
(Laval et al., 2003), indicating the essential role of VSR proteins in seed germination. 
While AtVSRl/AtELP was shown to bind to the N-terminal propeptide of 
Arabidopsis aleurain involving the lytic vacuolar pathway (Ahmed et al., 2000), an 
other study on a AtVSR knock-out mutant indicated that AtVSRl might function as a 
receptor for transporting storage proteins to seed protein storage vacuoles (Shimada 
et a l , 2003). Therefore, it is rather complicated and technically difficult to illustrate 
the functional roles of individual AtVSR proteins in plants. Furthermore, relatively 
little is known about the subcellular localization of individual AtVSR in Arabidopsis. 
6. Research objectives 
The aim of this thesis research was to study the subcellular localization of individual 
AtVSR proteins using a fluorescence reporter approach in transgenic tobacco BY-2 
cells, which is based on the demonstration that the TMD/CT sequences of individual 
AtVSR target the protein to its final destination in transgenic tobacco BY-2 cells. 
Specific objectives for this thesis research include the following: 
. 1. To generate transgenic tobacco BY-2 cells expressing various GFP fusions with 
individual TMD/CT sequences of the seven Arabidopsis VSR (AtVSR) proteins; 
2. To study the subcellular localization and dynamics of these GFP-AtVSR fiisions 
in transgenic tobacco BY-2 cells. 
The long-term goal is to study the subcellular localization and functional roles 
of individual AtVSR proteins in plants. Toward this goal, I have made seven 
chimeric constructs containing proaleurain signal peptide (sp) linked to GFP and the 
‘ 8 
TMD/CT sequences of the seven individual AtVSR proteins. I have then generated 
transgenic tobacco BY-2 cell lines expressing these seven sp-GFP-TMD-CT fusions. 
Confocal immunofluorescence studies demonstrated that all these GFP fusions 
exhibited typical punctate signals that colocalized with VSR proteins. In addition, 
wortmannin induced the GFP-marked prevacuolar organelles to form small vacuoles 
and VSR antibodies labeled these enlarged MVBs in all transgenic BY-2 cells 
Wortmannin also induced VSR-marked PVCs to be vacuolated in other cell types 
including Arabidopsis, rice, pea, and mungbean. Therefore, the seven AtVSRs are 
localized to MVBs in tobacco BY-2 cells and that wortmannin-induced vacuolation 
of PVCs is a general response in plants. ._ 
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Chapter 2 
Development of Transgenic Tobacco BY-2 





In this chapter, I will describe methods and procedures for making several chimeric 
constructs containing sp-GFP-TMD-CT sequences. These constructs are all under 
the control of the cauliflower mosaic virus 35S (CaMV35S) promoter. These 
chimeric constructs were then subcloned into the binary vector pBI121 and used to 
transform tobacco BY-2 cells via Agrobacterium-mtdidiiQd transformation method. 
Transgenic BY-2 cell lines expressing various GFP-AtVSR fusions were generated 
and subjected to preliminary characterization by confocal microscopy and Western 
blot analysis. 
In particular, I will describe studies in achieving the following objectives: 
1 • To make GFP-AtVSR reporters for individual AtVSR proteins and PV72; 
2. To generate transgenic tobacco BY-2 cell lines expressing various GFP-VSR 
fusions via Agrobactermm-mQ6:\2i\Q& transformation; 
3. To characterize transgenic BY-2 cell lines via confocal microscopy and Western 
blot. 
The overall objective was to develop transgenic BY-2 cell lines expressing 
GFP-AtVSR fusions to be used in subcellular localization studies. 
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2. Materials and Methods 
2.1 Structure of Golgi marker and PVC marker 
2.U Structure ofpGONSTl-YFP 
The Golgi marker pGONSTl-YFP (Baldwin et al , 2001) was a gift from Dr. Paul 
Dupree (University of Cambridge). The structure of pGONSTl-YFP is illustrated 
in Figure 2.1. 
lodm Bnfil EcqRI SKI 
gonsti yfp n o s - 理 
pGONSTI-YFP 
Figure 2.1. Structure of plasmid pGONSTl-YFP. 
RB, right border; Nos Pro, Nos Promoter; NPTII, kanamycin resistance gene, 
Nos, Nos terminator; 35S, the CaMV 35S promoter; GONSTI, GONSTI cDNA; 
YFP, yellow fluorescent protein; LB, left border. 
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2,1.2 Structure of pGFP-BP-80-K 
The PVC marker pGFP-BP-80-K was constructed in our lab (Tse et al., 2004). The 
structure ofpGFP-BP-80-K is illustrated in Figure 2.2. 
_ Bml M l Sxl 
_ N -Jy —MM 
� E B - N c i s P r o � N F m ? l o 8 - 3 S S ) S P €1? S _ C T _ n q s I Q I 
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pGFP-BP-80-K 
Figure 2.2. Structure of plasmid pGFP-BP-80-K. 
RB，right border; Nos Pro, Nos Promoter; NPTII, kanamycin resistance gene, 
Nos, Nos terminator; 35S, the CaMV 35S promoter; SP, signal peptiede; GFP, 
green fluorescent protein; S, spacer; TMD, transmembrane domain; CT， 
cytoplasmic tail; LB, left border. 
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2.2 Construction of GFP-VSR reporters 
2.11 Cloning ofpGFP-AtVSR andpGFP-PV72 
In order to generate various chimeric constructs that contain signal peptide sequence 
from the barley proaleurain linked to GFP (Tse et al., 2004) and the TMD/CT 
sequences of individual AtVSR and PV72, two pairs of primers were designed and 
used to generate dsDNA containing the spacer-TMD/CT sequences of individual 
VSR. P1/P2 (Tables 2.1 to 2.4) are overlapped primer pairs (with 30 nucleotides 
overlap) that cover the full-length spacer-TMD/CT sequences of individual VSR to 
be used for self-priming PGR to generate dsDNA fragment of spacer-TMD/CT 
sequences, which in turn will serve as templates for further PGR using primer pairs 
P3/P4 (Table 2.5) to generate fiill-length spacer-TMD/CT sequences of individual 
VSR (Figure 2.3). P1&P3 contain EcoRI site while P2&P4 contain stop codon and 
S a d site (Figure 2.3). Individual spacer-TMD-CT DNA fragments from the above 
PGR were gel purified and digested with EcoRI/SacI before cloned into pGFP-BP-80 
(Tse et al” 2004) via the same restriction sites to replace the spacer-BP-80 TMD/CT 
sequences (Figure 2.3). The resulting pGFP-VSR constructs and pGFP-PV72 were 
subsequently cloned into the binary vector (Table 2.6). The construction procedure 
of pGFP-VSR is illustrated in Figure 2.3. 
/ 
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Figure 2.3. Construction of pGFP-VSR. 
Nos, Nos terminator; 35S, the CaMV 35S promoter; SP, signal peptiede; GFP, green 
fluorescent protein; S, spacer; TMD, transmembrane domain; CT, cytoplasmic tail; 
‘ PI, forward primer; P2, reverse primer; P3, 5' specific primer; P4, 3，specific 
primer. 
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2.2.2 Cloning ofpGFP-AtVSR-K andpGFP-PV72-K 
The resulting constructs from Figure 2.3 were then cloned into the binary vector 
pYFP-BP-80-K (Tse et al., 2004) via Hindlll/SacI sites (Figure 2.4) before they were 
transferred into Agrobacterium to be used for BY-2 cell transformation. As a result 
pGFP-VSR-K fusions contain 35S promoter-sGFP-spacer-TMD-CT-Nos 3, 
terminator (Tse et al., 2004) were generated. All constructs were checked by both 
restrictions mapping and DNA sequencing. The construction procedure of 
pGFP-VSR-K is illustrated in Figure 2.4. 
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Figure 2.4. Construction of pGFP-VSR-K. 
RB，right border; Nos Pro, Nos Promoter; NPTII, kanamycin resistance gene; 
Nos, Nos terminator; 35S, the CaMV 35S promoter; SP, signal peptiede; GFP 
green fluorescent protein; S, spacer; tail; TMD, transmembrane domain; CT, 
cytoplasmic tail; LB, left border. . 
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Table 2.1 Sequence of long oligonucleotides used in this study. 
GGGGAATTCGACTACAAGGACGAC Used for construction of 
GATGACAAGGGTTCAGGCAAAGTT GFP-AtVSRl; italic/bold 
GGAACCACAAAACTCAGCTGGAGC sequences represent 
AtVSRl-Pl TTTTTGTGGATCCTTATAATCGGGG ECORI site; underlined are 
T G G G T G T T G C A G G i m i l C T G G ^ overlapped sequences 
TGCAGTCTACAAATACAG with AtVSRl-P2. 
GGGGAGCrCATATATCCATATGGTG Used for construction of 
ACCACTTGTGTTGGGTGGTTGACTT GFP-AtVSRl; italic/bold 
TCCAATGGCATGTACTGTGCCATGA sequences represent S a d 
AtVSRl-P2 TCCCTCTAATTTCCGCATCCATGTA site; underlined are 
A rTrr .TGATTCTGTATTTGTAGACT overlapped sequences 
GCATATCCAGAAAGA with AtVSRl -P l . 
GGGO^JTTCAATAGAGATGCAAGA Used for construction of 
GGAGATTTCAGTTGGGGAGTGATAT GFP-AtVSR2; italic/bold 
GGATAATAATAATGGGATTAGGTGC sequences represent 
AtVSR2-P 1 A G C T G C T T T A G G A G C T T A C A C T ^ ECORI site; underlined are 
TATAAATACAGGATTCGGACATATAT overlapped sequences 
G with AtVSR2-P2. 
GGGGAGCTCTTACAACTCTAGTTG Used for construction of 
AGAAGAAAGTTGAGTATTGGGATT GFP-AtVSR2; italic/bold 
ATTATCAAGAGGCATGTATTGTGCC sequences represent S a d 
AtVSR2-P2 aT T A T A G C T C T T A T C T C T G A G T C ^ site; underlined are 
ATATGTCCGA ATCCTGTATTTATAAA overlapped sequences 
C with AtVSR2-Pl . 
GGGGJ/47TCAGCAAGACGGGTGCA Used for construction of 
CAAGTGAGATCAGCATGGGCGGCC GFP-AtVSR3; italic/bold 
GTTTGGCTTATAATGTTATCATTGGG sequences represent 
AtVSR3-P 1 ACTTGCAGCTGCTGGTGCATACCTC ECORI site; underlined are 
* GTTTACAAATATAGGCTAAGGCAAT overlapped sequences 
ACAT with AtVSR3-P2. 
“ GGGGAGCTCAGGCGCGTTCATCAT Used for construction of 
TCACGTGGTTCGGGATCTCGGGTT GFP-AtVSR3; italic/bold 
GGCTGTCCAATGGCATGTACTGTGC sequences represent S a d 
AtVSR3-P2 CATTATGGCTCTGATCTCTGAGTCC site; underlined are 
ATGTATTGCCTTAGCCTATATTTGTA overlapped sequences 
AACG |with AtVSR3-Pl . 
i 
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Table 2.2. Sequence of long oligonucleotides used in this study. 
GGGG/147TCAGCAAGACGGGTT Used for construction of 
CACAAGTGAAATCAGCGTGGGC GFP-AtVSR4; italic/bold 
GGGCGTTTGGCTTATAATGTTAT sequences represent EcoRl 
AtVSR4-Pl CATTGGGACTTGCAGCTGCTGG site; underlined are 
TnrATACCTCGTTTACAAATATA overlapped sequences with 
OATTGAGGCAATACATG AtVSR4-P2. 
GGGGA GCTCTTAGGCACGTTCA ~ 
TCATTCGTGTGGTTCGGGACCT Used for construction of 
CGGGTTGGCTGTCCAGTGGCAT GFP-AtVSR4; italic/bold 
AtVSR4-P2 GTACTGTGCCATTATGGCTCTGA sequences represent Sad site; 
TrTrTGAGTCCATGTATTGCCTC underlined are overlapped 
• AArrTATATTTGTAAAC sequences with AtVSR4-P 1 • 
GGGG/L^rrCGAGAGAAGAAGT Used for construction of 
GGATCAAGAAGCAGAGGGTTGT GFP-AtVSR5; italic/bold 
AtVSR5-Pl TCACAATTGTGGTTCTAACCGCC sequences represent EcoRI 
ATCGCGGGTATCICIITAGGIGC site; underlined are 
T T A T A T A T T C T A C A A G T A C overlapped sequences with 
~ AtVSR5-P2. 
GGGGA GCTCTTACTTAAAAGAG “ 
TCTTGGTTAATGCTTTGGCTATC Used for construction of 
GAGTGGTATGTACTGAGACATAA GFP-AtVSIl5 ； italic/bold 
AtVSR5-P2 TGGACACGATCTCTGAATCCAT sequences represent Sad site; 
QTATGACTGAAGATGGTACTTGT underlined are overlapped 
^ A ATATATAAGCACCTAAAG sequences with AtVSR5-P 1. 
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Table 2.2. Sequence of long oligonucleotides used in this study. 
rn^mam^m 
GGGGAATTCGAGAGAAGCGGA Used for construction of 
？?AAGAATCGGATGGTTCCCTA GFP-AtVSR6; italic/bold 
CATTTGTGATTCTAGCTGCAGT sequences represent EcoRI 
AtVSR6-Pl T G C A A G C A m a i m A Q O I G G l s i t e ; double underlined are 
T A C G m i C m C ^ overlapped sequences with 
AtVSR6-P-(l/2). 
“ Used for construction of 
•l^r^TAGGTGGTTAQCnMl GFP-AtVSR6; single 
r rAT^GTATCGTCTCAGGTCT underlined are overlapped 
AtVSR6-P-(l/2) m A T G ^ T C A G A A A T C A T G G sequences with AtVSR6-P2; 
‘ cGATTAT广TTPTrAGTACATGCC double • underlined are 
A T T A G A Q A n C C A A A A o v e r l a p p e d s e q u e n c e s w i th 
AtVSR6-Pl. 
' ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ G C T G C A G A Used for construction of 
UUiat/zii^i^ GFP-AtVSR6; italic/bold 
A G T T A A T C T C A G C T G T T G G T G T TQ T � 
TGAGATTCACCAGTCATTGGAT sequences represent Sad site; 
AtVSIl6-P2 GTTGTGTTTTGGCTCTCTAA underlined are overlapped 
T G G C A T G m C T C ^ sequences with 
'^ GGcIinr^ CTACAAGGAC 
GACGATGACAAGGAGAGATAT Used for construction of 
GGSCCAAAACGGCATGGTGG GFP-AtVSR7A; italic/bold 
rTCACATTCTTGATACTGGCTA sequences represent EcoRI 
AtVSR7A-P1 ；^  tGCAGTAGCCGGTTTAGC site; underlined are 
T G G T i m m C T A C A A M s e „ with 
G g r r C A G G I C T 娜 R7A-P2. 
S^GO^CmTTAGAGTGTAAA ‘ 
AGGCTCGGCTTCTGATGGAAC Used for construction of 
• 二 ( S T G C T C T T T G G C T C T C A GFP-ATVSR7A; italic/bold 
r^.nn. rTCTGACATGA sequences represent Sad site; 
AtVSR7A-P2 二 二 t c t C T G A G T C C A T —er l ined are overlapped 
GTAAOAeSSM^^ S^ miia :二：P I wuh 
tagME^I^ ‘ 
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Table 2.5. Sequence of specific oligonucleotides used in this study. 
G G G O W r C G A C T A C A A G G A C 
GACGATGACAAGAGTAAAACT � � 了 _ 腹 of 
GCCAGTCAGGCAAAAACGGCA Uahc/bold 
AtVSR7B-Pl T G G T G G C T C A C A T T C T T G A T A C sequences represent EcoRI 
TGGCTATCGTTGCAGTAGCCGG , ；;"^derlined are 
TTTAGCTGGTTATATATTCTACA sequences with 
A A T A C C G G T T C A G G T C T ^ 
GGGGA (7CTCTTAG AGTGTAAA . 
AGGCTCGGCTTCTGATGGAAC Used for construction of 
TTCACGTGCTCTTTGGCTCTCA GFP-AtVSR7B; italic/bold 
AtVSRVB -P2 AGTGGCATATACTGTGACATGA sequences represent Sad site; 
TCGTCATAATCTCTGAGTCCAT underlined are overlapped 
GTAAGACCTGAACCGGTATTTG sequences with AtVSR7B-Pl. 
TAGAATATATA 
G G G � TTTGGTAACATTGGG Used for construction of 
AGCACTGTGACAAGCTGGAGT GFP-PV72; italic/bold 
GTTGTTAAGATTGTTATCCTTG sequences represent EcoRI 
PV72-P1 TGTTAGCCATCACTGGGATCGC site; underlined are 
GGGATATGCAATTTACAAATAC overlapped sequences with 
AGAATCCGGAGGTATATGG PV72-P2. 
GGGG^CCrCATACGCCCCCAC ” … ！ 
Used tor construction of 
GGGCAACGTGACTACCAGTCT or 
CTCCTTGGTTGTCCAAGGGCAT itahc/bold 
PV72-P2 ATATTGAGCCATGATGGCCCGT sequej^es represent Sad site; 
ATCTCCGAATCCATATACCTCC — e r l m e d are 广 
sequences with PV72-P1. 
GGATTCTGTATTTGTAAA 
21 
Table 2.5. Sequence of specific oligonucleotides used in this study. 
GGGGAATTCGkCYk Used for construction of GFP-AtVSRl; 
CAAGGACGACGA italic/bold sequences represent EcoRJ site. 
GGGa4(7C7rATATAT Used for construction of GFP-AtVSRl; 
CCATATGGTGAC italic/bold sequences represent S a d site. 
GGGGAATTChAlhG ,, , . ‘ ‘ T I Z T T T ^ ^ 
Used for construction of GFP-AtVSR2; 
AtVSR2-P3 AGATGCAAGAGGA .. _ . , r^  … 
italic/bold sequences represent EcoRJ site. 
G 
GGGGAGCTCllkCk Used for construction of GFP-AtVSR2; 
AtVSR2 P4 
ACTCTAGTTGAGAA italic/bold sequences represent S a d site. 
GGGGAATTCAGCKk Used for construction of GFP-AtVSR3; 
AtVSR3 
GACGGGTGCACAA italic/bold sequences represent EcoRI site. 
GGGGAGCTCA.GGC Used for construction of GFP-AtVSR3; 
AtVSR3 P4 ， 
GCGTTCATCATTCA italic/bold sequences represent S a d site. 
GGGGAATTCkGCkK Used for construction of GFP-AtVSR4; 
AtVSR4-P3 GACGGGTTCACA italic/bold sequences represent EcoRI site. 
GGGGAGCTCYTKGG Used for construction of GFP-AtVSR4; 
AtVSR 4-P4 
CACGTTCATCAT italic/bold sequences represent S a d site. 
GGGGL4/i7TCGAGAG Used for construction of GFP-AtVSR5; 
AtVSR S TP卩 ‘ 
AAGAAGTGGATCA italic/bold sequences represent EcoRI site. 
GGGGAGCTCYTkCT Used for construction of GFP-AtVSR5; 
AtVSR5-P4 TAAAAGAGTCTTG italic/bold sequences represent S a d site. 
GGGO^ j T T C G A G A G Used for construction of GFP-AtVSR6; 
AtVSR6-P3 AAGCGGATCAAG italic/bold sequences represent EcoRI site. 
GGGGAGCTCYTKGG Used for construction of GFP-AtVSR6; 
AtVSR6-P4 CTGCAGAAGTTA italic/bold sequences represent S a d site. 
GGGGAATTCGkCYk Used for construction of GFP-AtVSR7A; 
AtVSR7A-P3 
CAAGGACGACGA italic/bold sequences represent EcoRJ site. 
GGGGAGCTCYTkGk Used for construction of GFP-AtVSR7A; 
� _ GTGTAAAAGGCTC italic/bold sequences represent S a d site. 
GGGGAATTCGkCYk Used for construction of GFP-AtVSR7B; 
AtVSR7B-P3 
‘ CAAGGACGACGA italic/bold sequences represent EcoRI site. 
GGGGAGCTCYTkGK Used for construction of GFP-AtVSR7B; 
AtVSR7R P4 
“ GTGTAAAAGGCTC italic/bold sequences represent S a d site. 
GGGGAATTCGGTA.A Used for construction of GFP-PV72; 
PV72-P3 
CATTGGGAGCAC italic/bold sequences represent EcoRI site. 
GGGGAGCTCATACG Used for construction of GFP-PV72-
PV72-P4 ， CCCCCACGGGCA italic/bold sequences represent S a d site. 
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Hindlll—35 Spromoter—BamHI-ATG—signalpeptide - GFP—EcoR 
pGFP-AtVSR7A I-FLAG-Spacer(AtVSR7)-TMD(AtVSR7)-CT(AtVSR7)-TG 
A-SacI 
HindIII-3 5 Spromoter-BamHI-ATG-signalpeptide-GFP-EcoR 
pGFP-AtVSR7B I-FLAG-Spacer(BP-80)-TMD(AtVSR7)-CT(AtVSR7)-TGA 
- S a d 
� HindIII-35Spromoter-BamHI-ATG-signalpeptide-GFP-EcoR 
pGFP-PV72 l-Spacer(PV72)-TMD(PV72)-CT(PV72)-TGA-SacI .. 
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2.3 Agrobacterium electroporation 
Escherichia coli strain DH5a (Invitrogen, Carlsland, CA) was used as a host for 
plasmid manipulation and maintenance. Agrobacterium tiimefaciens strain 
LBA4404 containing the helper Ti plasmid pAL4404 was used in tobacco BY-2 cell 
transformation. Plasmids pGFP-AtVSR(l-6)-K, pGFP-AtVSR7A-K, 
pGFP-AtVSR7B-K and pGFP-PV72-K were transformed into Agrobacterium 
tiimefaciens by electroporation. 
An aliquot of 40 |il of A. tiimefaciens LBA4404 competent cells was thawed on 
ice, mixed with 10 ng of plasmid DNA and kept on ice for 1 minute. The cell-DNA 
mixture was then transferred to the bottom of a pre-chilled 0.2 cm electroporation 
cuvette (Bio-Rad, Hercules, CA) and subjected to a pulse of 25 |iF, 2.5 kV and 600 
ohms in the Gene Pulser (Bio-Rad, Hercules, CA). After discharge, the cells were 
rescued by immediate addition of one ml of SOC medium [2% bacto-trypton, 0.5% 
bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCh, 10 mM MgSO* and 
200 mM glucose. The cell suspension was then transferred to a 10 ml 
polypropylene tube and shaken at 28°C for 2 hours. The recovered culture was 
spread on LB agar plates supplemented with 50 mg/L Kanamycin and 100 mg/L 
streptomycin and allowed to grow at 28�C for 2 to 3 days. 
2.4 Transformation of tobacco BY-2 cells 
Transformation of tobacco BY-2 cells using Agrobacterium was carried out 
‘ essentially according to well established protocol described previously (Muller et a l , 
1987). 
For pGFP-AtVSR(l-6)-K, pGFP-AtVSR7A-K, pGFP-AtVSR7B-K and 
pGFP-PV72-K, single colony of transformed A. tumefaciens LBA4404 was cultured 
in 5 ml of LB medium [10 g/L bacto-trypton, 5 g/L bacto-yeast extract and 10 g/L 
NaCl] supplemented with 50 mg/L kanamycin and 100 mg/L streptomycin for 16 
hours at 28°C with shaking at 250rpm. 200 [x\ of the 16-hour Agwbacteria culture 
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was then co-cultivated with 4 ml of 3-day-old wild type (WT) BY-2 cells (usually 
contains 1ml of compact cells) and 4 ml fresh medium in petri-dish for 2 days at 
2 8 � C without shaking. Wild type BY-2 cells were pre-supplied with 2 ^iM 
acetosyringone to increase the transformation efficiency. After three day's 
incubation, the Agwbacteria-BY-2 cell mixtures were washed twice with 30 ml of 
MS medium [4.3 g/L M&S salts, 100 mg/L myo-Inositol, 1 mg/L thiamine, 0.2 mg/L 
2,4-D，255 mg/L KH2PO4，30 g/L Sucrose, pH 6.8] to remove the Agrobacterium. 
Finally, the washed BY-2 cells were plated onto 1% MS agar plates supplemented 
with 250 mg/L cefotaxime and 50 mg/L kanamycin and kept in dark. Individual 
tiny calluses appeared after two to three weeks and were selectively transferred to 
new MS plates supplemented with 50 mg/L cefotaxime and 50 mg/L kanamycin and 
were subcultured independently. 
2.5 Screening of transgenic BY-2 cells expressing 
GFP-VSR fusions 
2.5.1 Kanamycin screening 
Newly transformed BY-2 cells were plated on 1% MS agar plates supplemented with 
50 mg/L kanamycin and 250 mg/L cefotaxime and kept in dark until tiny callus 
appeared. Individual tiny callus was then transferred into new MS agar plates 
supplemented with 50 mg/L kanamycin and 50 mg/L cefotaxime. Finally, 
transgenic cell lines were continuously subcultured once a month in 1% MS agar 
plate supplemented with 50 mg/L kanamycin. 
2.5.2 Fluorescent and confocal screening of GFP reporters 
For each of the established transgenic cell lines, half amount of the cultured callus 
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was re-suspended in 200 |il of ddHbO and then subjected to fluorescent and confocal 
screening. For fluorescent screening, an FITC filter installed in an inverted Eclipse 
TE300 microscope (Nikon, Tokyo) was used for observing GFP signals and patterns. 
For confocal screening, GFP-scanning method was used and all confocal 
fluorescence images were collected using a Bio-Rad Radiance 2100 system 
(Maylands Avenue, Hemel Hempstead) controlled by LaserShape2000 software 
(Bio-Rad, Maylands Avenue, Hemel Hempstead) with the following parameters: 60X 
objective oil lens (Nikon, Tokyo), IX zoom, optimal iris and 512 X 512 box size 
pixel. The filter sets were used as follows: excitation wavelength 488 nm, emission 
filter HQS 15/30. Obtained images were processed using Adobe Photoshop software 
• (San Jose, CA) as previously described (Jiang and Rogers, 1998). Untransformed 
wild type BY-2 cells were also included as controls. 
2.5.3 Protein extraction 
After subculturing for two to three days, wild type and transgenic suspension cells 
were collected and frozen by liquid nitrogen. Total protein was extracted by 
grinding about 0.5 ml compact cells in 100 |il of 5X protein extraction buffer [250 
mM Tris-HCl, pH 7.4, 750 mM NaCl, 5 mM EDTA, 0.5 mM PSMF, 25 ^ig/mL 
Leupeptin] with a mortar and pestle. Homogenate was then centrifuged at 14,000 
rpm for 15 minutes. The supernatant, the cell soluble fraction (CS fraction), was 
transferred to a new centrifuge tube. On the other hand, 200 |il of IX protein 
‘ extraction buffer was added to resuspend the pellet, the cell membrane fraction (CM 
fraction). Upon addition of SDS (using 10% stock) to a final concentration of 1%, 
both fraction samples were boiled at 100°C for 5 minutes. After cooling down to 
room temperature, the CS fraction was stored at —20°C directly and the CM fraction 
was centrifuged at 14,000 rpm for 15 min after then the supernatant was collected 
and stored at-20°C. 
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2.5.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and Western blot analysis 
Protein samples were mixed with 5X sample loading buffer [0.0625 M Tris-HCl, pH 
6.8，5% SDS, 1% p-mercaptoethanol, 10% glycerol and 0.01% bromophenol blue], 
heated at 9 9 � C for 5 minutes and then resolved by 10% or 12% SDS-PAGE gel in 
electrode buffer [0.025 M Tris，0.19 M glycine and 0.1% SDS, pH 8.3] at 55V for 30 
min and then lOOV for 2 hour. The resolved proteins were then transferred to 
nitrocellulose membranes (0.45 [im) by modified Dunn carbonate transfer buffer [10 
mM NaHCOs and 3 mM NasHCO]] at 55V for 60 minutes using Mini Trans-Blot 
cell (Bio-Rad，Hercules, CA). After transferring, the membrane was immersed in 
blocking solution (1.5% milk powder, 1% PBS) for 45 minutes and then incubated 
with 4 |ig/mL primary antibody in PBS at 4 � C overnight, followed by anti-rabbit 
secondary antibody at 1:8000 dilutions for 45 minutes at room temperature. Finally, 
the membrane was subjected to non-radioactive detection with enhanced 
chemiluminescence kit (ECL, Amersham Pharmacia Biotech Inc., Piscataway, NJ) 
according to the manufacturer's recommendations. 
2.6 Chemicals 
Most chemicals used were of reagent grade or molecular grade and were purchased 
from Sigma Chemical Co. (St. Louis, MO) or otherwise noted. Restriction enzymes 
and other modifying enzymes for molecular biology experiments were obtained from 




3.1 Chimeric GFP reporters as tools to study subcellular 
localization of Arabidopsis vacuolar sorting receptor 
proteins in transgenic BY-2 cells 
The genome of Arabidopsis contains seven VSR proteins (termed AtVSRl-7 in this 
study) with relatively little information on their individual subcellular localization 
and functional implications (Hadlington and Denecke, 2000). Phylogenetic analysis 
(Figure 2.5A) based on flill-length VSR protein sequences indicated that AtVSRl 
and AtVSR2 are close to the pumpkin PV72 and the black gram VmVSR，while 
AtVSR 3 and AtVSR4 are more close to the pea BP-80, but AtVSR5 and AtVSR6 
are far away from central clusters. Their alignment analysis also indicated that 
these VSRs are highly conserved within their transmembrane domain (TMD) and 
cytoplasmic tail (CT) regions. In addition, all VSRs contain a tyrosine motif 
(mainly YMPL) in their CT regions (Figure 2.5B) that might interact with AP-1 
clathrin-adaptor protein complex of the clathrin coated vesicles in the plant secretory 
pathway (Paris et al., 1997; Shimada et al., 1997; Sanderfoot et a l , 1998; Lam et a l , 
2005). 
The first VSR protein from plant, BP-80, was previously localized to the Golgi 
and to a putative lytic PVC in pea root tip cells (Paris et al., 1997). Our recent 
study on the relative distribution of VSR proteins between Golgi and PVC 
� d e m o n s t r a t e d that VSR proteins were concentrated on lytic PVCs in plant cells (Li et 
al., 2002) and thus VSRs are markers for defining PVCs. Further immunoEM and 
confocal immunofluorescence studies with VSR antibodies have identified MVBs as 
PVCs in tobacco BY-2 cells (Tse et a l , 2004). In addition, the BP-80 reporter 
containing the TMD and CT sequences of BP-80 colocalized with endogenous 
tobacco VSR proteins in suspension culture tobacco cells (Jiang and Rogers, 1998; 
Tse et al., 2004), indicating that the BP-80 TMD/CT sequences are sufficient and 
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specific to target BP-80 to PVCs in transgenic BY-2 cells. 
Here I study the subcellular localization of the seven AtVSR proteins based on 
the hypothesis that the TMD/CT sequences of individual AtVSR proteins are 
sufficient and specific to target AtVSR to their final destination in transgenic tobacco 
BY-2 cells (Jiang and Rogers, 1998; Tse et al., 2004). Therefore, I wanted to 
generate various chimeric constructs that contain signal peptide sequence from the 
barley proaleurain linked to GFP and TMD/CT sequences of individual AtVSR 
(termed GFP-AtVSR fusion in this study) (Figure 2.5C). Since the sequences (both 
genomic and cDNA) of AtVSRs are known, I thus designed overlapping primer pairs 
(P1/P2) that cover the full-length of individual VSR TMD/cf sequences for 
self-primering PGR (Figure 2.5D). The DNA sequences of reporter fusions are 
derived from AtVSRl (At3g52850), AtVSR2 (At2g30290), AtVSR3 (At2gl4740), 
AtVSR4 (At2gl4720)，AtVSRS (At2g34940), AtVSR6 (Atlg30900) and AtVSR? 
(At4g20110). The amplified double strand DNA of TMD/CT then served as 
template in further PGR using primers P3/P4 (Figure 2.5D). Such cloning strategy 
does not need to use VSR DNA as template in PGR. Using this approach, I have 
generated the seven GFP-AtVSR chimeric constructs for subsequent transformation 
into tobacco BY-2 cells. 
3.2 Establishment of transgenic tobacco (Nicotiana 
tabacum) BY-2 cell lines stably expressing seven 
GFP-AtVSR reporters 
The seven GFP-AtVSR chimeric constructs (termed GFP-AtVSR fusion) were then 
transferred into tobacco BY-2 cells via standard Agrobacterium 
tumefaciens-MQDXDXQD transformation. As controls, I also used transgenic BY-2 cell 
lines expressing the Golgi marker GONSTl-YFP and the PVC marker GFP-BP-80 
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Figure 2.5. The seven Arabidopsis vacuolar sorting receptor (AtVSR) 
proteins and GFP fusions used to study the subcellular localization of AtVSRs. 
A. Phylogenetic analysis of the seven Arabidopsis VSR proteins (AtVSR 1-7) and 
the other three VSRs from pea (BP-80), pumpkin (PV72) and black gram 
(VmVSR). 
B. Alignment of amino acid sequences composing of the spacer, transmembrane 
domain (TMD) and cytoplasmic tail (CT) regions of various VSRs. 
C. Chimeric GFP constructs used in this study. Each fusion contains a signal 
peptide (SP) derived from a barley cysteine protease proaleurain linked to GFP and 
sequences of spacer-TMD-CT derived from individual VSR protein. Such 
sp-GFP-spacer-TMD-CT fusion is under the control of the CaMV 35S promoter 
and the 3 ' N O S terminator. 
D. Overlapped primers extension methods used in this study to generate GFP 
fusion constructs with individual VSR spacer-TMD-CT sequences. Partially 
overlapped primers (PI & P2) covering the whole sequences of spacer-TMD-CT of 
individual VSR were first used in self-primering PGR reaction to generate the 
target double-strand DNA sequences and used as template in the PGR with 
primers P3 (with EcoRI site) & P4 (with S a d site) to amplify the full-length 
sequences of spacer-TMD-CT. Each unique spacer-TMD-CT was then inserted 
after the GFP sequences in frame via EcoRI and S a d sites as indicated. 
i 
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3.2.1 Acetosyringone induced BY-2 transformation to express GFP reporter 
fusions 
At the beginning, transformation experiments with several pGFP-VSR-K constructs 
failed to generate any transformed BY-2 cells, which was possibly due to low 
infection efficiency. To overcome this problem, different concentrations of 
acetosyringone were added into BY-2 cells prior to infection with Agrobacterium. 
Acetosyringone is one of the phenolic compounds produced from wounded plant 
tissues that increases the efficiency of Agrobacterium-mQ&idXtdi transformation by 
inducing the transfer of T-DNA from Agrobacterium to plants (Engstrom et al., 1987). 
The Agrobacterium co-cultivated BY-2 cells were then plated on MS agar 
supplemented with 50 mg/L kanamycin for first round of selection. As expected, 
transformants were obtained from BY-2 cells pre-provided with 2 |aM or 20 |LIM 
acetosyringone in which 2 ^iM acetosyringone resulted in the highest efficiency of 
BY-2 transformation. Figure 2.6 shows examples of transformants obtained from 






Figure 2.6. Acetosyringone increased transformation efficiency. 
A. The result of BY-2 transformation without acetosyringone. B. Callus 
formed after BY-2 transformation with 2 i^M of acetosyringone. C. Callus 
formed after BY-2 transformation with 20 |LIM of acetosyringone. D. The 
result of BY-2 transformation with 200 fiM of acetosyringone. 
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3.2.2 Screening transgenic BY-2 cell lines via detection of GFP signals under 
confocal microscopy 
The kanamycin-resistant cell lines were then subjected to second round of screening 
using fluorescent and confocal microscopes for GFP signals. Half of each cell 
callus at two to three days after subculture was picked and subjected to observation 
under both fluorescent and confocal microscopes for GFP signals. For each BY-2 
cell line expressing GFP-AtVSR protein (GFP-AtVSR), 100-200 different cells were 
screened under confocal microscopy. Finally more than 50 individual transgenic 
BY-2 cell lines expressing each of the seven GFP-AtVSRl-7 fusions and the 
GFP-PV72 fusion (PV72, AB006809) were generated. All these transgenic BY-2 
cell lines expressing various GFP-VSR fusions gave rise to typical punctate 
fluorescent signals (Figure 2.7)，an indication of either Golgi or PVC localization 
(Tse et a l , 2004). At later stage of one subculture cycle, a diffused signal pattern of 
all GFP-VSR reporter fusions were found within the lytic vacuoles (data not shown), 
a result that is consistent with a previous study expressing a GFP-PV72 reporter 
fusion in transgenic tobacco BY-2 cells (Mitsuhashi et a l , 2000). Such diffuse 
vacuole signals may be due to the release of GFP core by the acidic environment of 
the organelles these reporters are targeted to. All the successful transformed cell 
lines were maintained in solid media via subculture twice a month. For liquid 
culture, cells were subcultured once a week and cultures were room temperature 




Figure 2.7. Confocal analysis of GFP signals in living transgenic BY-2 
cells expressing various GFP-AtVSR fusions. 
Panel 1 to 9: GFP-BP-80, GFP-AtVSRl，GFP-AtVSR2，GFP-AtVSR3, 
GFP-AtVSR4，GFP-AtVSR5, GFP-AtVSR6，GFP-AtVSR7A and GFP-PV72. 
Scale bar = 50 |Lim. 
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3.2.3 Western blot analysis of transgenic BY-2 cell lines expressing GFP-AtVSR 
fusions 
To further confirm the correct expression of the flill-length GFP-AtVSR reporter 
proteins, protein gel blots using GFP antibodies were performed (Figure 2.8). As 
shown in Figure 2.8, a protein band of 37 kDa corresponding to the full-length fusion 
protein was detected predominantly in the cell membrane fraction of all tested 
transgenic tobacco BY-2 cell lines expressing various GFP-VSR fusions (lanes 5-20) 
including the positive control BP-80 reporter (lanes 3-4). However, no such band 
was detected in wild type BY-2 cells (lanes 1-2). These results demonstrated that 
all the GFP-AtVSR and GFP-PV72 fusions were expressed correctly in transgenic 
BY-2 cells. The difference in signal intensity of various GFP-VSR fusions detected 
by GFP antibodies in Western blot analysis (Figure 2.8) is presumably due to either 
different expression levels of these fusions in transgenic BY-2 cells cause by position 
effects or copy numbers of transgene. 
i 
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Figure 2.8. Western blot analysis of transgenic BY-2 cells. 
Cell soluble (CS) and cell membrane (CM) proteins were isolated from control 
wild-type (WT) and transgenic BY-2 cell lines cells expressing various 
GFP-VSR fusions as indicated, followed by protein separation via SDS-PAGE 
and Western blot analysis using GFP antibodies. Asterisk indicates positions of 




In conclusion, transgenic BY-2 cell lines expressing various GFP-AtVSR fusions 
have been generated successfully via standard Agrobacterium tiimefaciens-mtdxdXQdi 
transformation. The correct expression of the full-length GFP-VSR fusions was 





Subcellular Localization of the Seven 
GFP-AtVSR Fusions to Prevacuolar 




In previous chapter, I have generated various transgenic tobacco BY-2 cells 
expressing GFP-AtVSR fusions. In this chapter, I have carried out experiments to 
study the subcellular localization and dynamics of these GFP-AtVSR fusions in 
transgenic tobacco BY-2 cells. In particular, using confocal immunofluorescence 
with VSR antibodies and drug treatments that distinguished PVCs from Golgi 
apparatus, I have demonstrated that all these GFP-AtVSR fusions localized to PVCs 
in tobacco BY-2 cells and that wortmannin-induced vacuolation of PVCs is a general 
response in plant cells. 
4 0 
2. Materials and Methods 
2.1 Confocal immunofluorescence studies 
Fixation and preparation of cultured cells {JSl. tabacum BY-2, Arabidopsis, rice), root 
tips (pea, mungbean and tobacco) and their labeling and analysis by epifluorescence 
and confocal immunofluorescence were similar as described previously (Jiang and 
Rogers, 1998; Jiang et al., 2000; Li et al., 2002). Two to three day suspension 
cultured cells and root tips were first fixed in fixation solution [50 mM Na-phosphate 
buffer, pH 7.0，5 mM EGTA，0.02 % Azide, 4.5% paraformaldehyde] for 1-2 hours at 
room temperature or 4°C overnight. After washing with Na-phosphate-EGTA 
buffer for an hour, cell walls of the fixed cells were partially digested by 1% 
cellulysin cellulase in Na-phosphate buffer for 20 minutes. Cells from the meristem 
zone of root tips were released via squashing in an ependorf tube. Then, cell 
membranes of suspension cells were permeabilized by a 2 minute treatment in 0.1% 
Triton X-100 while cell membranes of root tips cells were permeabilized by a 5 
minute treatment in 0.5% Triton X-100. Prior to incubation with primary antibodies, 
fixed cells were incubated with blocking buffer 1 [IX PBS, 1% BSA] for 30 minutes. 
After washing with blocking buffer 1 twice, fixed cells were incubated with 4 [ig/mL 
anti-VSRAt-i in blocking buffer 2 [IX PBS, 0.25 % BSA, 0.25 % Gelatin, 0.05 % 
NP-40，0.02 % Azide] at 4 � C overnight. These stained cells were further washed 
with blocking buffer 2, followed by incubation with rhodamine-conjugated 
secondary antibodies at a final dilution of 1:100 for one hour at room temperature in 
‘ dark. Finally, the labeled cells were washed twice with blocking buffer 2 and 
mounted on slides and used for image collection with the confocal microscope. 
Because primary antibodies were detected with rhodamine-conjugated secondary 
antibodies while the GFP reporters were detected using the FITC setting, 
GFP/rhodamine scanning method (simultaneous or sequential scanning) was thus 
used to collect dual images. Care was taken to insure that the laser power and other 
settings (iris and gain) were set to a condition where no crossover signals between 
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rhodamine and FITC emissions were detected. The filter sets were used as follows: 
for GFP: excitation wavelength 488 nm, emission filter HQ515/30; for rhodamine: 
excitation wavelength 543 nm, emission filter HQ600/50. The GFP images were 
pseudocolored in green and the rhodamine images were pseudocolored in red. The 
extent of colocalization of two signals in confocal immunofluorescence images from 
BY-2 cells was quantitated as described previously (Jiang and Rogers, 1998; Jiang et 
al., 2000). 
2.2 Antibodies for immunolabeling 
A recombinant protein representing the luminal portion (lacking the TMD and CT) of 
VSRAM (Paris et al., 1997) was expressed in D. melanogaster S2 cells (Cao et a l , 
2000) and purified for use as antigen to generate VSRat-1 antibodies (Cao et a l , 
2000; Li et al., 2002). Affinity-purified recombinant proteins were used for 
immunization of two rabbits at the animal house of the Chinese University of Hong 
Kong (Tse et al., 2004). Antibodies were purified by affinity chromatography using 
a column made with recombinant protein coupled to CNBr Sepharose (Sigma, St. 
Louis, MO, U.S.A.) as described (Paris et al , 1997). GFP antibodies were 
purchased from Molecular Probes (Eugene, OR, U.S.A.) or generated using 
recombinant GFP as antigens to inject rabbits at the animal house of the Chinese 
University ofHong Kong and affinity-purified. Secondary or lissamine rhodamine-
or FITC-conjugated affinity-purified anti-rabbit antibodies were purchased from 
�Jackson ImmunoResearch Laboratories (West Grove, PA, U.S.A.). For Western 
blot analysis, GFP antibodies and VSR antibodies were used at 4 ng/mL. .. 
2.3 Wortmannin and Brefeldin A treatment 
Stock solutions of wortmannin (Sigma, St. Louis, MO, U.S. A) at 2.5 mg/mL in 
DMSO and Brefeldin A (Sigma, St. Louis, MO, U.S.A) at 1 mg/mL in dimethyl 
sulfoxide were used. Both drugs were diluted in MS liquid medium to appropriate 
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working concentrations before incubation with BY-2 cells. For each drug treatment, 
BY-2 cells were mixed with drugs in working solutions in MS media at 1:1 ratio to 
ensure minimal variation. Treated samples were then harvested at indicated times 
for subsequent confocal and EM analysis as described (Tse et al., 2004). Each 
treatment was repeated at least twice with similar results. 
2.4 Electron microscopy of resin-embedded cells 
The general procedures for conventional thin sectioning of chemically fixed samples 
of BY-2 cells and immunoEM localization of antibodies with high-pressure 
freezing/frozen substitution BY-2 samples were performed essentially as described 
previously (Ritzenthaler et al., 2002). Immunolabeling of London Resin White 
sections was carried out using VSR antibodies at 1:100 dilution (40 |Lig/mL) and 
gold-coupled secondary antibodies at 1:50 dilution. Aqueous uranyl acetate/lead 
citrate poststained sections were examined in a JOEL JEM-1200EX II transmission 




3.1 Vacuolar sorting receptor proteins in plants 
BP-80 is a vacuolar sorting receptor that has been shown to transport proteins in the 
plant secretory pathway (Kirsch et a l , 1994; daSilva et al., 2005). Several BP-80 
homologs function as VSR for protein transport in Arabidopsis thaliana, pumpkin 
{Cucurbita cv. Kurokawa Amakuri) and black gram {Vigna mungo) (Paris et al., 1997; 
Shimada et a l , 1997; Tsuru-Furuno et al., 2001; Shimada et al., 2003). But I 
believe that there is still more VSR proteins for us to identify in different plant 
species. 
To explore all the members of VSR family proteins in plant cells, I used the 
Pisum sativum BP-80 protein sequence as the query sequence to compare with the 
GenBank database using BLASTP (http://www.ncbi.nlm.nih.gov/BLAST/y 
Retrieved results from well-established database revealed that the VSR protein 
family contained seven homologs in Arabidopsis as published (Shimada et al., 2003) 
and at least five BP-80 homologs in rice. Phylogenetic analysis of those obtained 
VSR protein sequences was performed using MacVector software package. The 
multiple sequence alignment results showed that VSR proteins from monocotyledons 
and dicotyledons are highly conserved (Figure 3.1). Noticeably, on the c-terminal 
of all VSR proteins contain a functional tyrosine-based sorting motif YXXO (Figure 
3.1)，where Y stands for tyrosine, X for amino acid and O represents an amino acid 
with a bulky hydrophobic group. Except for the AtVSRS protein containing a YIPL 
motif，all the other VSR proteins have the YMPL motif, which has been 
demonstrated to be carried by AP-1 clathrin-adaptor protein complex of the clathrin 
coated vesicles in plant secretory pathway (Ahmed et a l , 1997; Paris et al., 1997; 
Shimada et al., 1997; Sanderfoot et al., 1998). Thus, comparing previously 
published data I have found five new rice VSR proteins enriching the sequence 
information of VSR family in plants. In this phylogenetic analysis, five vacuolar 
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Figure 3.1. Plant VSR Proteins. 
Alignment of various plant vacuolar sorting receptor proteins using ClustalW. 
The species and the corresponding NCBI access numbers of each VSR protein 
are indicated as follows: Pisum sativum (BP-80, AAB72110); Arabidopsis 
thaliana (AtVSRl，P93026; AtVSR2, 022925; AtVSR3, 080977; AtVSR4, 
Q56ZQ3; AtVSRS, 064758; AtVSR6, Q9FYH7; AtVSR7, Q8L7E3); Oryza 
sativa (OsVSRl, AAK92655; OsVSR2, AAP53176; OsVSR3，BAC80001; 
OsVSR4, BAD45379; OsVSRS, CAE03573); Cucurbita cv. Kurokawa Amakuri 
(PV72, BAA25079) and Vigna mungo (VmVSR, BAB64531). Conserved 
residues among these VSR proteins were highlighted with black. Asterisk 
indicated position of the YMPL motif. 
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3.2 PVC localization of GFP-AtVSR fusions in transgenic 
tobacco BY-2 cells 
Our lab previously demonstrated that VSR proteins are concentrated on PVCs (Li et 
al., 2002). Using VSR antibodies as markers in immunoEM, the lytic PVCs were 
identified as MVBs in tobacco BY-2 cells (Tse et a l , 2004). In addition, the BP-80 
reporter containing the BP-80 TMD/CT colocalized with endogenous tobacco VSR 
proteins (Jiang and Rogers, 1998; Tse et a l , 2004). Therefore, both VSRs and the 
BP-80 reporter are PVC markers. 
The dynamics of PVCs was also studied using transgenic BY-2 cells expressing 
the PVC marker YFP-BP-80 reporter vs. the Golgi marker CONST 1-YFP (Tse et al., 
2004). BFA at low concentrations (5-10 |ag/mL) caused the YFP-marked Golgi, but 
not the YFP-marked PVC, to form BFA-induced aggregates. In contrast, 
wortmannin caused YFP-marked PVCs to form small vacuoles while GFP-marked 
Golgi remained unchanged (Tse et al., 2004). Therefore, PVC localization of the 
BP-80 reporter can be confirmed by the following three criteria: colocalization with 
VSRs, formation of small vacuoles in response to wortmannin treatment (at 15-33 
jiM), and remain unchanged in BFA-treated cells (at 5-10 |^g/mL). 
I therefore used these three criteria to identify the organelles marked by various 
GFP-AtVSR 1-7 fusions in transgenic tobacco BY-2 cells. Consistent with previous 
results, in transgenic BY-2 cells expressing the PVC marker GFP-BP-80, typical 
punctate fluorescent patterns were observed in living cells and these punctate GFP 
‘signals mostly colocalized with VSR antibodies in confocal immunofluorescence 
(Figure 3.2A). In addition, wortmannin treatment caused the GFP-marked PVCs to 
vacuolate while BFA treatment did not cause any changes in GFP-marked PVCs 
(Figure 3.2A). In contrast, in transgenic BY-2 cells expressing the Golgi marker 
GONSTl-YFP, the punctate YFP signals were largely separated from VSR-labeled 
PVCs where BFA caused them to form aggregates but the punctate YFP signals 
remained unchanged in the presence wortmannin (Figure 3.2B). Similarly, in 
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transgenic cells expressing the GFP-AtVSR6, most of the punctate GFP signals 
colocalized with VSR (Table 2.7). While wortmannin induced the GFP-marked 
organelles to form small vacuoles, BFA did not cause any visible changes to these 
GFP-marked organelles (Figure 3.2C). Therefore, GFP-AtVSR6 localized to PVC 
in transgenic BY-2 cells. 
Similar results were obtained from the other seven transgenic BY-2 cells 
expressing GFP-AtVSRl-5, GFP-PV72 (Figures 3.3 and 3.4) and GFP-AtVSR7 
(Figure 3.5). Most of the punctate GFP signals in these transgenic cell lines 
colocalized with VSR (Table 2.7) and these GFP-marked organelles were also 
induced to form small vacuoles in the presence of wortmannin but did not response 
to BFA treatment (Figures 3.3-3.5). Therefore, all GFP-AtVSRl-7 and GFP-PV72 
localized to PVCs in transgenic BY-2 cells. 
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Table 2.7. Summary of GFP-VSR fusions. 
Percentage No. of 
cells 
studied 
1 GFP-BP-80 Punctate 70% 9 Ring Punctate 
2 GONSTl-YFP Punctate 1% 10 Punctate Aggregate 
3 GFP-AtVSRl Punctate 70% 7 Ring Punctate 
4 GFP-AtVSR2 Punctate 69% 7 Ring. Punctate 
5 GFP-AtVSR3 Punctate “ 82% 10 Ring Punctate 
6 GFP-AtVSR4 Punctate 75% 8 Ring Punctate 
7 GFP-AtVSR5 Punctate 68% 8 Ring Punctate 
8 GFP-AtVSR6 Punctate 68% 7 Ring Punctate 
9 GFP-AtVSR7A Punctate 78% 10 Ring Punctate 
10 GFP-AtVSR7B Punctate 65% 7 Ring Punctate 
11 GFP-PV72 Punctate 75% 8 Ring Punctate 
a Fluorescent patterns detected in transgenic living cells. 
b Colocalization percentage of GFP/YFP signals with VSR antibodies as determined 
by confocal immunofluorescence. 
c Fluorescence patterns in transgenic living cells 2h after wortmannin (Wort) 
treatment at 16.5 .. 
d Fluorescence patterns in transgenic living cells 2h after brefeldin A (BFA) treatment 







Figure 3.2. Characterization of PVC-localized GFP fusions in transgenic 
BY-2 cells. 
Transgenic cells expressing various GFP fusions were fixed prior to 
immuno-stained with VSR antibodies to compare the localization between the 
GFP fusion (green) and VSR (red) (GFP/VSR). Cells were also treated with 
wortmannin (Wort) at 16.5 [xM for 2 hours or treated with Brefeldin A (BFA) at 
10 |ag/mL for 2 hours before image collection for GFP-marked organelles in 
living cells. Colocalization of two signals was indicated by yellow color. The 
corresponding DIG (differential interference contrast) images of the studied cells 
.were included. Scale bar = 50 陣. 
A. The positive control cell line expressing GFP-BP-80, a reporter marks the 
lytic prevacuolar compartment (PVC) or multivesicular body (MVB) in tobacco 
BY-2 cells. 
B. The negative control cell line expressing the Golgi marker GONSTI-YFP. 


























Figure 3.3. PVC localization of GFP-AtVSRl-3 fusions in transgenic 
tobacco BY-2 cells. 
Transgenic tobacco BY-2 cells expressing GFP-AtVSR 1-3 fusions (A to C) 
respectively were fixed prior to immuno-stained with VSR antibodies 
respectively to compare the localization between the GFP fusion (green) and VSR 
(red) (GFP/VSR). Cells were also treated with wortmannin (Wort) at 16.5 i^M 
for 2 hours or treated with Brefeldin A (BFA) at 10 |ig/mL for 2 hours before 
image collection for respective GFP-marked organelles in living cells. 
Colocalization of two signals was indicated by a yellow -color. The 
corresponding DIG (differential interference contrast) images of the studied cells 












Figure 3.4. PVC localization of GFP-AtVSR4-5 and GFP-PV72 fusions in 
transgenic tobacco BY-2 cells. 
Transgenic tobacco BY-2 cells expressing GFP-AtVSR4-5 fusions (A & B) or 
GFP-PV72 respectively were fixed prior to immuno-stained with VSR antibodies 
respectively to compare the localization between the GFP fusion (green) and VSR 
(red) (GFP/VSR). Cells were also treated with wortmannin (Wort) at 16.5 
for 2 hours or treated with Brefeldin A (BFA) at 10 ^ig/mL for 2 hours before 
image collection for respective GFP-marked organelles in living cells. 
Colocalization of two signals was indicated by a yellow color. The 
corresponding DIC (differential interference contrast) images of the studied cells 
were shown. Scale bar = 50 [xm. 
i 
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3.3 The spacer sequences did not affect PVC localization 
of GFP-AtVSR7 
The spacer region in front of the TMD of VSR is thought to be important for proper 
protein folding that would allow flexibility of the GFP reporter linking to TMD. 
Our lab previously used the BP-80 spacer in the chimeric reporter system to study 
trafficking of integral membrane proteins in tobacco cells (Jiang and Rogers, 1998; 
Tse et al., 2004). When expressed in tobacco cells, BP-80 reporter colocalized with 
endogenous VSR proteins (Jiang and Rogers, 1998; Tse et a l , 2004). Therefore, the 
TMD/CT sequences are sufficient and specific to target the reporter to PVCs. 
However, in this study, I used the original spacer from individual AtVSRs to 
make the seven GFP-AtVSRl-7 fusions. To test the possible effect of spacer 
sequence on the PVC localization of GFP-AtVSR fusions and thus subcellular 
localization of AtVSRs, I generated two reporter fusions with the same TMD/CT 
sequences as AtVSR?, but their spacer sequences were derived from AtVSR? and 
BP-80 respectively. AtVSR? was chosen because it was relatively far away from 
BP-80 in term of evolutionary distance and that BP-80 and AtVSR? had less amino 
acid similarity, especially on the spacer region (Figure 2.5B). Thus, I replaced the 
spacer sequence in GFP-AtVSR7 with that from BP-80 and compared their 
subcellular localization in transgenic BY-2 cells. As shown in Figure 3.5, 
transgenic BY-2 cells expressing either the GFP-AtVSR7A (with original spacer) 
(Figure 3.5A) or GFP-AtVSR7B (with BP-80 spacer) (Figure 3.5B) showed typical 
‘ punctate fluorescent signals that mostly colocalized with VSR and thus representing 
PVCs. In addition, wortmannin treatment induced the GFP-marked PVCs to form 
small vacuoles, but BFA did not cause any visible changes to punctate GFP signals in 
both transgenic cell lines (Figures 3.5A and 3.5B). Therefore, it is likely that the 
spacer sequence from BP-80 did not affect PVC localization of GFP-AtVSR in 
transgenic BY-2 cells and targeting of VSR proteins to PVCs depend solely on their 
TMD and CT sequences. 
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Figure 3.5. The spacer sequences do not affect PVC localization of 
GFP-AtVSR7 in transgenic tobacco BY-2 cells. 
Transgenic tobacco BY-2 cells expressing GFP-AtVSR7A with original spacer or 
GFP-AtVSR7B with spacer sequences from BP-80 were fixed prior to 
immuno-stained with VSR antibodies (red) respectively to compare the 
localization between the GFP fusion (green) and VSR (red, GFP/VSR), cells were 
also treated with wortmannin (Wort) at 16.5 \iM for 2 hours or treated with 
Brefeldin A (BFA) at 10 ^ig/mL for 2 hours before image collection for respective 
GFP-marked organelles in living cells. Colocalization of two signals was 
indicated by a yellow color. The corresponding DIC (differential interference 
contrast) images of the studied cells were shown. Scale bar = 50 jim. 
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3.4 Wortmannin-induced vacuolated PVCs contained 
VSRs in tobacco BY-2 cells 
When expressed in transgenic tobacco BY-2 cells, the YFP-BP-80 reporter 
colocalized with VSRs (Tse et a l , 2004). In addition, wortmannin induced the 
YFP-marked PVCs to form small vacuoles in transgenic BY-2 cells where the 
enlarged PVCs were still labeled by anti-VSRs (Tse et al., 2004). Similarly in this 
study, all organelles marked by VSR-AtVSRl-7 formed small vacuoles in response 
to wortmannin treatment (Figures 3.2-3.5). To further test if VSR proteins are still 
present in these wortmannin-induced enlarged PVCs, confocal immunofluorescence 
with VSR antibodies were carried out in wortmannin-treated transgenic cells where 
their corresponding untreated cells were used as controls. As shown in Figure 3.6, 
in transgenic cells expressing the positive control GFP-BP-80 reporter, most of the 
punctate GFP-BP-80 signals (green) colocalized with VSRs (red) in the absence of 
wortmannin (Figure 3.6A). When the cells were treated with wortmannin, the 
GFP-marked PVCs became vacuolated and these enlarged vacuoles colocalized with 
VSRs (Figure 3.6A). Similarly, in transgenic BY-2 cells expressing either 
GFP-AtVSR5 or GFP-PV72 fusion, most of the punctate GFP signals in untreated 
cells and the vacuolated GFP signals in wortmannin-treated cells colocalized with 
VSRs (Figures 3.6B and 3.6C). Furthermore, in untransformed WT BY-2 cells, 
VSR antibodies detected typical punctate organelles and small vacuoles in untreated 
and wortmannin-treated cells respectively (Figure 3.6D). These results 
‘demonstrated that all GFP-VSR fusions were targeted to PVCs and wortmannin 
specifically induced the vacuolation of PVCs in both WT and transgenic BY-2 cells. 
To further study the VSR-labeled structures in both untreated and 
wortmannin-treated BY-2 cells, both structural-EM with conventional chemical-fixed 
samples and ImmunoEM using VSR antibodies on high-pressure 
frozen/freeze-substituted samples were also carried out to study the VSR-labeled 
structures in both untreated and wortmannin-treated BY-2 cells. As shown in 
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Figure 3.7, in cells without wortmannin treatment, typical MVBs with sizes about 
200 to 400 nm in diameter that contain small but uniform internal vesicles were 
observed (Figure 3.7A) and these MVBs were specifically labeled by VSR antibodies 
mainly on the membrane (Figure 3.7B). However, in wortmannin-treated cells, 
many enlarged MVBs with sizes of over 500 nm in diameter were observed (Figure 
3.7C) and these enlarged MVBs were specifically labeled by VSR antibodies on their 
limiting membranes (Figure 3.7D). These EM studies further confirmed the results 
of confocal observations (e.g. Figure 3.6) and demonstrated that the GFP-marked 
PVCs swelled in response to wortmannin treatment and these small vacuoles were 
labeled by VSR antibodies on their outer membranes. -
i 
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Figure 3.6. VSRs colocalized with PVC-derived vacuoles in 
Wortmannin-treated transgenic BY-2 cells. 
Transgenic tobacco BY-2 cells expressing three GFP fusions were treated with 
wortmannin (Wort) at 16.5 |uM for 2 hours before both untreated (left panel) 
and Wort-treated cells (right panel) were fixed for subsequent immuno-labeling 
with VSR antibodies. Yellow color indicated the colocalization of green and 




Figure 3.7. ImmunoEM localization of VSRs to vacuolate 
multivesicular bodies (MVBs) in Wortmannin-treated BY-2 cells. 
Untreated or wortmannin-treated (at 16.5 |iM for 2 hours) BY-2 cells were 
either chemically fixed and prepared for structural-EM observation (panels A 
& C)，or subjected to high-pressure frozen/freeze-substitution for subsequent 
immunoEM study with VSR antibodies (panels B & D). Panels A and C 
showed examples of normal MVB and enlarged MVB from untreated and 
Wort-treated BY-2 cells, respectively. Panels B and D showed examples of 
� normal MVB and enlarged MVB that were labeled by VSR antibodies in 
untreated and Wort-treated cells respectively. Bar = 200 nm 
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3.5 Wortmannin-induced vacuolation of PVCs is a 
general response in plant cells 
Many plants contain VSRs (Figure 3.1). The results thus far indicated that all tested 
GFP-VSR fusions containing TMD/CT sequences from different plant species 
expressed in transgenic BY-2 cells formed small vacuoles in response to wortmannin 
treatment (Figures 3.2 to 3.6) that were further confirmed by immunoEM studies 
using VSR antibodies (Figure 3.7). I carried the experiment to discover if such 
wortmannin-induced vacuolation of PVCs is a general response in plant cells. 
Western blot analysis with VSR antibodies was first carried out using proteins 
extracted from various plants including Arabidopsis, rice {Oryza sativd), tobacco, 
pea and mungbean (Vigna radiatd). As showed in Figure 3.8，VSR antibodies 
detected a single band at 80 kDa in all these protein samples, indicating that VSR 
proteins are universally present in these plant cells. To further study the 
VSR-marked organelles in these cell types, confocal immunofluorescence with VSR 
antibodies was then carried out in both cultured cells (rice and Arabidopsis) and root 
tip cells (pea, mungbean and tobacco). As shown in Figure 3.9，typical punctate 
signals were detected with VSR antibodies in all these cells (Figures 3.9A to 3.9E, 
left panels), a result consistent with the detection of PVCs by VSR antibodies in 
these cell types. In addition, when these cells were treated with wortmannin prior 
to fixation and subsequent immunostaining with VSR antibodies, enlarged and small 
vacuoles were detected in all these wortmannin-treated cells (Figure 3.9A to E，right 
‘ p a n e l s ) , a result further demonstrating that these VSR-labeled organelles were PVCs 
in these cell types and wortmannin-induced vacuolation of PVCs is a general 
response in plant cells. 
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Figure 3.8. Western blot analysis of VSR proteins in various plant cells. 
Total proteins were extracted from suspension cultured cells of Arabidopsis and 
rice, as well as seeds of tobacco, mungbean and pea, followed by SDE-PAGE 
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Figure 3.9. Wortmannin induced VSR-marked PVCs to form small 
vacuoles in various plant cell types. 
Suspension cultured cells of rice and Arabidopsis cells or root-tip cells from 
germinating seedlings of pea, mungbean and tobacco were treated with 
wortmannin (at 16.5 i^M for 2 hours) before both untreated and Wort-treated 
cells were fixed for confocal immunofluorescence, using VSR antibodies to d tect normal PVCs i  untreated cells or enlarged PVCs in Wort-tr ated. Scale bar = 50 |Lim. DIG, differential i t rfere ce contras . 
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4. Conclusion 
The results presented in this chapter have demonstrated that that all transgenic BY-2 
cells expressing the seven GFP-AtVSR and GFP-PV72 fusions exhibited typical 
punctate GFP signals that colocalized with VSR, and wortmannin induced the 
GFP-marked organelles to form small vacuoles while BFA caused no changes to 
these GFP-marked organelles. Therefore, I have demonstrated the localization of 
GFP-AtVSRl-7 and GFP-PV72 in PVC of transgenic BY-2 cells. Moreover, the 
spacer sequences from BP-80/VSR did not affect PVC localization of GFP-AtVSR in 
transgenic BY-2 cells and targeting of VSR proteins to PVCs may solely depended 
on their TMD and CT sequence. Results from drug treatment" indicated that 
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1. The hypothesis in this study 
BP-80 is a type I integral membrane protein with a single TMD and CT. When 
expressed in tobacco cells, the BP-80 reporter containing the BP-80 TMD and CT 
sequences colocalized with the endogenous tobacco VSR proteins (Jiang and Rogers, 
1998). Similarly, the YFP-BP-80 reporter with TMD and CT of BP-80 was also 
found to localize to the VSR-marked PVCs but separate from Golgi apparatus in 
transgenic tobacco BY-2 cells (Tse et al., 2004). These results indicate that the 
TMD and CT regions are specific and sufficient for targeting BP-80 to its final 
destination (PVCs) in tobacco cells (Jiang and Rogers, 1998; Tse et al., 2004). 
Since the TMD/CT regions among various BP-80 homologs (VSR proteins) are 
highly conserved (Hadlington and Denecke, 2000; Paris and Neuhaus, 2002; 
Neuhaus and Paris, 2005), I thus hypothesized that the TMD/CT sequences target 
individual plant VSR proteins to their final destination in tobacco cells. 
The Arabidopsis genome contains seven VSR proteins with little information on 
their individual subcellular localization and function in plants. Several studies 
indicated that different members of the AtVSR proteins might function as distinct 
sorting receptors for targeting hydrolytic enzymes and storage proteins to lytic 
vacuoles and protein storage vacuoles respectively in plants (Paris et al., 1997; 
Humair et al., 2001; Shimada et al., 2003). It thus seems that individual AtVSR 
proteins might have different functions in transporting different ligand proteins to 
distinct destinations (Paris and Neuhaus, 2002; Neuhaus and Paris, 2005). As a first 
step to fully understand the functional roles of all AtVSR proteins in plants, I studied 
the subcellular localization of the seven AtVSR proteins using a reporter system. I 
thus generated transgenic BY-2 cell lines expressing GFP-AtVSR fusions and 
showed that they localized to PVCs. 
2. GFP and BY-2 cells 
GFP has been utilized as a powerful tool for making translational fusions with 
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interested proteins in both prokaryotic and eukaryotic cells (Chiesa et al., 2001; 
Hanson and Kohler, 2001; Rosochacki and Matejczyk, 2002). It has the advantage 
of being a "vital dye" with a suitable internal fluorophore in highly organized 
structure that can be monitored in living organisms and whole unfixed organs by 
appropriate UV illumination (Okabe et al., 1997). In plant cells, GFP has been 
widely used as reporter for studying protein targeting and localization to various 
organelles including endoplasmic reticulum (Haseloff et al., 1997), Golgi apparatus 
(Nebenfuhr et a l , 1999) and vacuoles (Di Sansebastiano et a l , 1998). Due to these 
advantages, GFP fusion strategy were used in my project for the subcellular 
localization study of the seven Arabidopsis vacuolar sorting receptor proteins in 
which TMD/CT sequences of AtVSR proteins were fused with GFP proteins and 
expressed in transgenic tobacco BY-2 cells. Tobacco BY-2 suspension cells were 
utilized in this project because of their following advantages: first, BY-2 cells have 
higher homogeneity and growth rate than plant tissues and provide a quick tool for in 
vivo study of protein transport; second, BY-2 cells express proteins more stably than 
protoplasts; third, BY-2 cells express proteins correctly and target them to the right 
compartments; fourth, BY-2 cells can be transformed easily with high transformation 
efficiency using Agrobacterium tumefaciens-mQ(X\2iXQ& transformation (Geelen and 
Inze，2001). 
3. A reporter system to study subcellular 
localization of VSR proteins in transgenic 
tobacco BY-2 cells 
Due to its easy culture and transformation, as well as correct protein folding and 
targeting, transgenic tobacco BY-2 cells expressing various reporter fusion proteins 
have been successfully used to study the subcellular localization of expressed 
proteins as well as the organelle dynamics that are marked by the reporter in living 
/ 
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cells, including various secretory organelles such as ER, Golgi and PVCs 
(Ritzenthaler et a l , 2002; Tamura et a l , 2004; Tse et al., 2004; Robinson et a l , 2005; 
Yang et al., 2005). In this study, I hypothesized that the TMD and CT sequences of 
AtVSRs targeted individual AtVSR protein to its final destination in Arabidopsis. 
This hypothesis is based on a previous study demonstrating that a reporter containing 
the BP-80 TMD/CT sequences colocalized with the endogenous VSR proteins when 
the reporter was transiently expressed in tobacco protoplasts of suspension cultured 
cells and this BP-80 reporter trafficked from Golgi to a putative PVC where the 
reporter was processed into mature form (Jiang and Rogers, 1998). This result was 
further confirmed by recent studies in which the GFP-BP-80 reporter was shown to 
colocalize with endogenous tobacco VSR proteins within PVCs/MVBs in transgenic 
tobacco BY-2 cells (Tse et al., 2004), as well as in tobacco protoplasts of leaves 
(daSilva et al., 2005). All these results indicate that the BP-80 TMD/CT sequences 
are sufficient and specific to target the receptor to PVCs in tobacco BY-2 cells. 
Therefore, tobacco BY-2 cells are good systems for studying the subcellular 
localization of VSR proteins. 
4. PVC localization of the seven GFP-AtVSR 
fusions in transgenic BY-2 cells 
The seven Arabidopsis VSR proteins are highly conserved at their TMD and CT 
region (Figures 2.5B and 3.1) (Hadlington and Denecke, 2000; Paris and Neuhaus, 
� 2 0 0 2 ; Neuhaus and Paris, 2005), with a conserved YXXO sorting motif involving 
clathrin coated vesicle-mediated sorting pathway (Happel et al., 2004). Since TMD 
and CT sequences are importa nt for PVC targeting of BP-80, such 
conservation within the TMD/CT regions of AtVSR 1-7 indicates that these seven 
AtVSR proteins may share similar mechanism of protein sorting in Arabidopsis 
(Paris and Neuhaus, 2002; Neuhaus and Paris, 2005). It is thus reasonable to 
hypothesize that the TMD and CT sequences of AtVSRs target the receptor proteins 
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to their final destination correctly in transgenic tobacco BY-2 cells (Paris and 
Neuhaus, 2002; Neuhaus and Paris, 2005; Mo et al., 2006). This hypothesis is 
further supported by a recent study using an in vivo assay system of tobacco 
protoplasts which demonstrated that the BP-80 CT contained multiple targeting 
signal for PVC localization and PVC recycling of BP-80 in tobacco cells (daSilva et 
a l , 2006). 
In this study, I used three well-established criteria with confocal 
immunofluorescence to distinguish PVCs from Golgi organelles in transgenic 
tobacco BY-2 cells (Tse et al., 2004). First, PVCs colocalized with VSR antibodies 
and Golgi remained separated from VSR-marked organelles. Second, in BY-2 cells 
treated with BFA at low concentrations (5-10 fig/mL), Golgi organelles formed 
typical BFA-induced aggregates but PVCs remained unchanged. Third, 
wortmannin induced PVCs but not Golgi to be vacuolated and these PVC-derived 
vacuoles colocalized with VSR antibodies in BY-2 cells. 
Indeed, when the seven GFP-AtVSR fusions were stably transformed into 
tobacco BY-2 cells, they all exhibited typical punctate fluorescent signals (Figures 
3.2 to 3.5), most of these punctate signals colocalized with VSR proteins and formed 
small vacuoles in response to wortmannin treatment, indicating their PVC 
localization in transgenic tobacco BY-2 cells (Figures 3.2 to 3.5; Tse et al., 2004). 
These results demonstrated that the seven GFP-AtVSR fusions, and thus the seven 
AtVSRs, located to PVCs in tobacco BY-2 cells. Therefore, it is most likely that 
the seven AtVSR proteins are localized to PVCs in Arabidopsis plants. However, 
‘ this hypothesis needs to be further tested via further studies and confirmation of PVC 
localization of the seven GFP-AtVSR fusions in transgenic Arabidopsis plants, I 
am in the process of generating transgenic Arabidopsis plants via 
Agrobactenum-mQ6\2iiQ6. transformation. In addition to their use in PVC 
localization, these transgenic plants expressing the seven GFP-AtVSR fusions will be 
useful materials for studying specific ligand-VSR interaction in Arabidopsis, because 
i 
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the truncated GFP-AtVSR fusion will compete against normal protein sorting 
mediated by the endogenous VSR proteins in Arabidopsis and thus cause secretion of 
cargo proteins (daSilva et a l , 2005). 
5. VSR spacer sequences did not affect PVC 
localization of GFP-AtVSR fusions in 
transgenic tobacco BY-2 cells 
BP-80 and its homologs VSR proteins all contain a Ser/Thr-rich region (defined as 
spacer region in this study) in front of their TMD regions, which may be important 
for proper protein folding and protein flexibility (Paris et a l , 1997; Jiang and Rogers, 
1998; Paris and Neuhaus, 2002; Neuhaus and Paris, 2005). A reporter system was 
originally developed to study trafficking of integral membrane protein, where a 
reporter protein was fused with the spacer-TMD-CT of BP-80 and the resulting 
BP-80 reporter was transiently expressed in tobacco suspension culture cells (Jiang 
and Rogers, 1998). Inclusion of the spacer region in the reporter fusion would 
allow free movement and flexibility of the reporter linked to TMD. When expressed 
in tobacco cells, the BP-80 reporter colocalized with endogenous VSR proteins in 
PVCs/MVBs (Jiang and Rogers, 1998; Tse et al., 2004). Therefore, the BP-80 
TMD/CT was sufficient and specific to target the BP-80 reporter to PVC/MVBs 
marked by endogenous VSR proteins in tobacco cells (Jiang and Rogers, 1998; Tse et 
al., 2004). 
In this study, all the seven GFP-AtVSR fusions contain the original spacer 
sequences from the individual Arabidopsis VSR protein (Figure 2.5). These seven 
GFP-AtVSR fusions were found to localize to PVCs in transgenic tobacco BY-2 cells 
(Figures 3.2 to 3.5). In addition, when the original spacer sequences in 
GFP-AtVSR7 was replaced with the spacer sequences of BP-80 (Jiang and Rogers, 
1998)，the resulting GFP-AtVSR7B fusion was also found to localize to PVC in 
I 
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transgenic tobacco BY-2 cells (Figure 3.6). These results demonstrated that the 
TMD-CT sequences of individual AtVSR were sufficient and specific for PVC 
targeting of each AtVSR in tobacco BY-2 cells, while the spacer sequences had little 
effect on the PVC localization of GFP-AtVSR fusions in transgenic BY-2 cells. 
However, another GFP fusion study seems to give rise to different conclusion. 
When a construct containing signal peptide-GFP fused with the TMD and the first 
five residues of the CT of BP-80 was expressed in tobacco leaf epidermal cells, this 
GFP fusion colocalized completely with a YFP-tagged Golgi marker (Brandizzi et al., 
2002). This contradiction to our studies (Jiang and Rogers, 1998; Tse et al., 2004; 
and this study) might be due to the different cell types used or might lie in the nature 
of the construct employed or might be due to positive targeting signals presenting in 
the CT of BP-80. The spacer sequences in the GFP fusion were THGMDELYKST 
from the Golgi enzyme glycosyltransferase (Brandizzi et al., 2002) while the BP-80 
spacer sequences were SKTASQAKST that defined a Ser/Thr-rich motif common to 
all VSR proteins (Jiang and Rogers, 1998; Paris and Neuhaus, 2002; Tse et a l , 2004; 
Neuhaus and Paris, 2005). Spacer sequences adjacent to the TMD of Golgi enzyme 
might play important roles in protein-protein interactions and cause retention of the 
proteins to specific Golgi cistemae (Nilsson et a l , 1993). Similarly, it is also 
possible that the spacer sequences in GFP-BP-80 or GFP-AtVSR fusions could have 
interacted with the endogenous tobacco VSR proteins and thus caused the BP-80 
reporter (Jiang and Rogers, 1998; Tse et al., 2004) to be passively drawn into vesicles 
destined for PVCs in transgenic tobacco BY-2 cells. However, a recent study 
demonstrated that the BP-80 CT might contain multiple sorting signals for PVC 
targeting and recycling in tobacco cells (daSilva et al., 2006). Therefore, the 
full-length sequences of BP-80 CT might be essential for efficient PVC targeting of 
the GFP-BP-80 reporter in tobacco cells. 
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6. PVC localization of GFP-PV72 and 
GFP-AtVSRl fusions in transgenic tobacco 
BY-2 cells 
BP-80 was a receptor for the lytic vacuole pathway (Paris et al., 1997; Humair et al., 
2001; Tse et a l , 2004; daSilva et al., 2005). However, members of VSRs might 
also function as receptors for the PSV pathway. For example, the pumpkin VSR 
protein PV72 was believed to function as a sorting receptor mediating the transport 
of 12S globulin storage proteins to PSVs via precursor-accumulating vesicles in 
pumpkin seeds (Shimada et al., 1997; Hara-Nishimura et al., 1998; Shimada et al., 
2002; Watanabe et al., 2002). Similarly, using Arabidopsis T-DNA knock-out 
mutants for VSR proteins as tools to study ligand-receptor interaction, AtVSR 1 was 
demonstrated to function as a sorting receptor for transporting storage proteins to 
PSVs in Arabidopsis seeds (Shimada et a l , 2003). In addition to seeds, PSV-like 
structures and PSV-like pathway might also exist in vegetative plant cells. For 
example, PSV-like pathway marked by traffic of the alpha-TIP (tonoplast intrinsic 
protein) reporter distincting from the lytic vacuole pathway marked by traffic of the 
BP-80 reporter has been described in tobacco suspension culture cells (Jiang and 
Rogers, 1998) and PSV-like structures marked by the over-expressed seed storage 
protein phaseolin were identified via confocal immunofluorescence in Arabidopsis 
cells where RMR might function as a sorting receptor for PSV (Park et al., 2004; 
Park et al., 2005). However, no PSV native to vegetative tissues or suspension 
‘ culture cells has been identified so far. .. 
In this study, both GFP-PV72 and GFP-AtVSRl were found to localize to 
VSR-marked PVCs in transgenic tobacco BY-2 cells. The PVC localization of 
GFP-PV72 in transgenic BY-2 cells is consistent with a previous study (Shimada et 
a l , 2002) in which signal peptide-GFP was fused to the TMD and CT regions of 
pumpkin PV72. When this sp-GFP-PV72 fusion (identical to GFP-PV72 in this study) 
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was expressed in tobacco BY-2 cells, it localized to punctate structures whose 
appearance was consistent with either Golgi or PVCs (Mitsuhashi et a l , 2000). 
Further immunofluorescent analysis demonstrated that this sp-GFP-PV72 fusion 
colocalized with endogenous AtELP/AtVSRl protein in Arabidopsis suspension cells 
(Shimada et al., 2002), evidence of PVC localization (Li et al., 2002; Tse et al., 2004). 
Similarly, the GFP-BP-80 fusion (a marker for the lytic PVC) and the other 
GFP-AtVSR fusions were also found to localize to VSR-marked PVCs in transgenic 
tobacco BY-2 cells (Figures 3.2 to 3.6). These results demonstrated that all 
GFP-VSR fusions (BP-80, AtVSR and PV72) localized to the same VSR-marked 
PVCs in transgenic BY-2 cells. 
Since these VSRs might function in either lytic vacuole pathway (e.g. BP-80) or 
PSV pathway (e.g. PV72) and that no visible PSV has been identified in BY-2 cells, I 
thus hypothesize that pathways leading to lytic vacuole and PSV share the same 
VSR-marked PVCs in tobacco BY-2 cells. However, I do not know if these 
VSR-marked PVCs might actually contain two distinct PVC populations for lytic 
vacuole and PSV respectively (Lam et a l , 2005). The PVC/MVB localization of 
GFP-PV72 and GFP-AtVSRl fusion proteins in transgenic tobacco BY-2 cells may 
indicate the existence of PSV pathway in BY-2 cells. It would be of great interest to 
identify the native PSV in vegetative tissues or suspension culture cells using storage 
protein markers that can be found in both seeds and vegetative tissues or culture cells. 
Towards this goal, I have recently generated antibodies against a storage protein 
(termed S2) and these S2 antibodies detected the same protein (based on molecular 
weight) in seeds and vegetative tissues such as leaves and stems of mungbean�. In 
addition, S2 antibodies specifically labeled PSVs and dense vesicles in developing 
mungbean cotyledons (Wang and Jiang, unpublished results). It would thus be 




7. Wortmannin-induced vacuolation of PVC is 
a general response in plant cells 
The inhibitor of phosphatidylinositol 3-kinase wortmannin was described to be 
involved in transport of endocytosed components from endosomes to lysosomes 
(Arcaro and Wymann, 1993; Kjeken et al., 2001). It can alter the biogenesis of 
MVBs and induce the vacuolation of multivesicular endocytic compartments in 
human cells (Femandez-Borja et al., 1999; Houle and Marceau, 2003). Similarly, 
wortmannin also caused swelling of MVBs/PVCs in tobacco BY-2 cells (Tse et al., 
2004). In this study, PVC organelles marked by the GFP-AtVSR fusions formed 
. smal l vacuoles in response to wortmannin treatment in transgenic tobacco BY-2 cells, 
a result consistent with our previous study (Tse et al., 2004). Furthermore, such 
response is not limited to tobacco culture BY-2 cells. When root tips of tobacco, 
pea and mungbean were treated with wortmannin, followed by immuno-labeled with 
VSR antibodies, the VSR-marked PVCs were also found to form small vacuoles in 
these wortmannin-treated cells. Therefore, wortmannin-induced vacuolation of 
PVCs/MVBs is a general response of plant cells, and thus wortmannin is a useful 
tool for identifying PVCs and studying PVC-mediated traffic in plant cells. 
8. Future perspectives 
Different VSR proteins may function to transport different ligand proteins to lytic 
vacuole or protein storage vacuole. For example, BP-80 was believed to transport 
proteases from Golgi to lytic vacuole, whereas the pumpkin PV72 and the 
Arabidopsis AtVSRl transport storage proteins to protein storage vacuole. 
Similarly, the seven AtVSRs may have different functions in transporting distinct 
ligands to lytic vacuole or PSV. The differential expression of these seven VSR 
proteins in vegetative tissues and seeds of Arabidopsis further supported the 
possibility of distinct functions of various AtVSRs. Interestingly, all GFP-VSR 
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fusions were found to localize to VSR-marked PVCs in transgenic tobacco BY-2 
cells in this study. Why do all VSR fusions localize to the same VSR-marked PVCs 
in BY-2 cells? First, PVCs marked by VSR antibodies may contain two populations 
of PVCs for lytic vacuole and PSV respectively. Second, there is no visible PSV in 
BY-2 cells, thus proteins for the PSV pathway may end up to PVC for PSV in BY-2 
cells. Third, in plants like Arabidopsis, the expression of VSRs is temporally and 
spatially regulated resulting in expression of selected VSRs in specific tissues or 
during different developmental stages. Fourth, in vitro binding studies 
demonstrated that VSR proteins bind to vacuolar sorting determinants of both 
proteases and storage proteins for their delivery to lytic vacuole and PSV respectively. 
The N-terminal regions of the seven AtVSR proteins are relatively conserved with a 
30-amino acid (from 64 to 92) distinct region. This distinct domain of individual 
AtVSR may be responsible for binding specific cargo protein for transportation. 
Alternatively, the conserved N-teraiinal regions of AtVSR may bind to both lytic 
enzymes and storage proteins providing that these cargo proteins localized to the 
same transport vesicles or organelles in vivo. 
My ultimate goals are to illustrate the subcellular localization and function of the 
individual Arabidopsis VSR proteins in plants. My study here addresses the 
subcellular localization of the seven Arabidopsis VSR proteins via expressing various 
GFP-AtVSR fusions in transgenic tobacco BY-2 cells, which is based on the proved 
central hypothesis that the TMD-CT sequences are specific and sufficient for 
targeting individual VSR proteins to their final destination. Using this approach, we 
have demonstrated that the seven GFP-AtVSRl-7 fusions localized to PVCs in 
transgenic BY-2 cells. The PVC localization of these GFP-AtVSR fusions is likely 
to reflect the subcellular localization of AtVSR proteins when they are expressed in 
BY-2 cells, and thus the localization of AtVSRs in Arabidopsis plants, even though 
this conclusion needs to be confirmed by future study on transgenic Arabidopsis 
plants expressing the seven GFP-AtVSR fusions. Therefore, this study will serve as 
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a first step to further study the functions of the seven Arabidopsis VSR proteins in 
plants. I have also demonstrated that the wortmannin-induced vacuolation of PVCs 
was a general response in plants, thus providing a powerful tool for PVC 
identification and for studying PVC-mediated protein trafficking in plants. 
Several questions can be asked in future studies: 
1. What are the ligands of individual AtVSRs in Arabidopsisl To answer this 
question, Arabidopsis mutants with depleted individual AtVSR genes could be 
generated, and microarray analysis could be carried out to identify their 
corresponding cargo proteins using RNA sample from individual AtVSR 
mutants. 
2. Do the seven AtVSR traffic through the same PVCs leading to either lytic 
vacuole or PSV? Immuno-EM based localization studies using antibodies 
specific for individual AtVSR protein could be carried out to compare with the 
PVC localization of proteins for lytic vacuole or protein storage vacuole 
pathways respectively. 
3. Does the truncated AtVSR protein without its N-terminus affect the function of 
endogenous AtVSR in plants? Truncated GFP-AtVSR fusions used in this 
study could be transformed into Arabidopsis plants and the generated transgenic 
plants can be used for VSR functional competition assay. 
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